Introduction
============

In the eukaryotic cytoskeleton, dynamic actin networks are essential for many biological processes, such as the establishment of cell shape, cell migration, cell division, and intracellular transport ([@B1]--[@B3]). These functions require certain mechanical stability and conformational properties of actin filaments (F-actin). Probably in correlation with the many complex intracellular functions of actin, the conformation of actin filaments proved to be sensitive to changes in various environmental parameters ([@B4]--[@B7]) and also to the binding of peptides ([@B8]) and actin-binding proteins ([@B9]--[@B14]). However, in many cases, the mechanisms regulating the coupling between conformational and functional polymorphism of actin structures are not completely understood.

Assembly factors are central to achieve rapid, spatiotemporally controlled formation of cellular actin networks ([@B15]--[@B17]). Among these factors, formin proteins catalyze the nucleation and processive growth of linear actin filaments that compose actin structures, such as the cytokinetic ring, stress fibers, and actin cables ([@B18]). Recent studies by us and other groups revealed that formins alter the conformational state of actin filaments ([@B19]--[@B23]). The binding of a single [f]{.ul}ormin [h]{.ul}omology [2]{.ul} (FH2)[^4^](#FN5){ref-type="fn"} dimer from [m]{.ul}ammalian [Dia]{.ul}phanous-related protein [1]{.ul} from mouse (mDia1) formin (mDia1-FH2) to the barbed end induces a more flexible conformation of actin filaments through long range allosteric effects ([@B20]--[@B22]). Bnr1 but not Bni1 from the yeast *Saccharomyces cerevisiae* was also proposed to cause a significant change in filament conformation ([@B19]). Importantly, formin-induced structural changes are accompanied by altered functional properties of actin filaments ([@B20]).

Formin-generated actin structures interact with many actin-binding proteins, which can influence the formin-induced conformational transitions. One of these interacting proteins, [t]{.ul}ropo[m]{.ul}yosin (TM), was shown to reverse the formin-induced conformational changes and stabilize the structure of the filaments ([@B24]). Myosin is one of the most abundant actin-binding proteins that also localizes to formin-nucleated actin structures in cells ([@B25], [@B26]). Myosin binding to actin filaments induces long range allosteric and cooperative effects in the conformation of the filaments ([@B27]--[@B30]), which were shown to be dependent on the myosin isoform ([@B31]). Thus, myosin can be another candidate for the regulation of the conformational dynamics of formin-nucleated actin structures.

In the present work, we investigated in detail how double-headed [h]{.ul}eavy [m]{.ul}ero[m]{.ul}yosin (HMM) and skeletal tropomyosin influence the conformation of formin-nucleated actin filaments using steady-state fluorescence anisotropy, fluorescence anisotropy decay, and temperature-dependent [F]{.ul}örster-type [r]{.ul}esonance [e]{.ul}nergy [t]{.ul}ransfer (FRET) measurements. We identified HMM as another binding partner of the formin-nucleated actin structures that stabilizes the formin-generated flexible actin filaments upon binding. The results indicate that stabilizing effects of HMM and TM are qualitatively similar but kinetically markedly different. Our findings support the idea that certain actin-binding proteins play a regulatory role in the fine tuning of the structural properties of actin.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Materials

CaCl~2~, KCl, MgCl~2~, Tris-HCl, glycogen, *N*-(-iodoacetaminoethyl)-1-naphtylamine-5-sulfonic acid (IAEDANS), 5-(iodoacetamido)fluorescein (IAF), EGTA, phenylmethanesulfonyl fluoride (PMSF), DTT, NaN~3~, α-chymotrypsin, ammonium sulfate, thrombin, ATP, and β-mercaptoethanol were obtained from Sigma. Dimethyl sulfoxide (DMSO) was obtained from Fluka (Buchs, Switzerland).

#### Protein Preparation and Purification

Powder of acetone-dried rabbit skeletal muscle was made as described previously ([@B32]). Rabbit skeletal muscle actin was prepared according to the method of Spudich and Watt ([@B33]) and stored in a buffer containing 4 m[m]{.smallcaps} Tris-HCl (pH 7.3), 0.2 m[m]{.smallcaps} ATP, 0.1 m[m]{.smallcaps} CaCl~2~, and 0.5 m[m]{.smallcaps} DTT (buffer A). The concentration of G-actin was determined spectrophotometrically using the absorption coefficient 0.63 ml mg^−1^ cm^−1^ at 290 nm ([@B34]) and the relative molecular mass of 42,300 Da for G-actin ([@B35]).

The FH2 fragment of mDia1 formin was expressed as a glutathione transferase fusion protein in *Escherichia coli* BL21 (DE3)pLysS strain ([@B36]). Protein expression was induced with isopropyl β-[d]{.smallcaps}-thiogalactopyranoside. The cell lysate was clarified and loaded onto a GSH column (Amersham Biosciences). The glutathione transferase fusion formin was cleaved with thrombin and eluted from the column. Further purification was done with size exclusion chromatography (Sephacryl S-300). The concentration of mDia1-FH2 was determined spectrophotometrically using the absorption coefficient ϵ~280~ = 21.680 [m]{.smallcaps}^−1^ cm^−1^ at 280 nm (ProtParam). The formin concentrations given in this study are mDia1-FH2 monomer concentrations.

HMM was prepared with the method described by Margossian and Lowey ([@B37]). The concentration of HMM was determined spectrophotometrically using the absorption coefficient 0.56 ml mg^−1^ cm^−1^ at 280 nm. The HMM concentrations given in this study are HMM monomer (head) concentrations.

Skeletal muscle tropomyosin was prepared from rabbit skeletal muscle according to Smillie ([@B38]). The concentration of TM was determined spectrophotometrically using the absorption coefficient 0.3 ml mg^−1^ cm^−1^ at 280 nm. The purified proteins were frozen in liquid nitrogen and stored at −80 °C.

#### Fluorescent Labeling of Actin

Actin monomers were labeled fluorescently with either IAEDANS or IAF dye at Cys^374^ (see [Fig. 1](#F1){ref-type="fig"}, *left panel*). The labeling with IAEDANS was carried out according to the method of Miki *et al.* ([@B39]). 2 mg/ml F-actin (in DTT-free buffer A supplemented with 100 m[m]{.smallcaps} KCl and 2 m[m]{.smallcaps} MgCl~2~) was incubated with a 10-fold molar excess of IAEDANS at room temperature for 1 h. The label was first dissolved in ∼50 μl of DMSO, and then DTT-free buffer A was added to the solution (drop by drop until 800 μl) before being added to the protein. The final concentration of DMSO was always lower than 0.5% (v/v) in the samples. After incubation, the labeling was terminated with 2 m[m]{.smallcaps} β-mercaptoethanol. The sample was ultracentrifuged (100,000 × *g* for 30 min at 4 °C). The pellet was gently homogenized with a Teflon homogenizer and dialyzed overnight against buffer A at 4 °C. The concentration of the fluorescent dye in the protein solution was determined using the absorption coefficient 6100 [m]{.smallcaps}^−1^ cm^−1^ at 336 nm for actin-bound IAEDANS ([@B40]). The molar ratio of the bound probe to actin monomers was determined to be 0.8--0.9.

Labeling Cys^374^ of actin with IAF (see [Fig. 1](#F1){ref-type="fig"}, *left panel*) was performed according to standard procedures ([@B5]). G-actin (2 mg/ml) was labeled in DTT-free buffer A with a 15-fold molar excess of IAF. IAF was dissolved in 0.1 [n]{.smallcaps} NaOH and added to the actin solution drop by drop at room temperature while the pH was kept constant. The sample was incubated at 4 °C for 24 h. After incubation, the actin was polymerized for 2 h at room temperature by the addition of 2 m[m]{.smallcaps} MgCl~2~ and 100 m[m]{.smallcaps} KCl and ultracentrifuged (100,000 × *g* for 30 min at 4 °C). The pellet was treated in a way similar to that described for IAEDANS labeling. The concentration of the probe was determined using the absorption coefficient 60,000 [m]{.smallcaps}^−1^ cm^−1^ at 495 nm. The molar ratio of the bound probe to actin monomers was 0.6--0.7.

#### Preparation of the Samples

Samples were freshly prepared both for steady-state and time-dependent fluorescence measurements. The actin-bound calcium was replaced with magnesium by adding 0.2 m[m]{.smallcaps} EGTA and 0.05 m[m]{.smallcaps} MgCl~2~ (final concentrations) and incubating the samples for 5--10 min. To initiate the polymerization, the final concentration of MgCl~2~ and KCl was adjusted to 1 and 50 m[m]{.smallcaps}, respectively. In time-dependent anisotropy and temperature-dependent FRET measurements, mDia1-FH2 and HMM were added to actin at the beginning of the polymerization, and then the samples were incubated overnight at 4 °C. In steady-state anisotropy measurements, HMM and TM were added to preformed actin filaments incubated overnight at 4 °C.

The total sample volume was 1 ml in anisotropy decay and steady-state anisotropy experiments and 100 μl in temperature-dependent FRET measurements. Before the measurements, the samples were incubated at room temperature for at least 30 min.

#### Steady-state Fluorescence Experiments

Steady-state fluorescence measurements were carried out with a Horiba Jobin Yvon Fluorolog-3 luminescence spectrometer equipped with a thermostated sample holder (HAAKE F3 heating bath and circulator (HAAKE Mess-Technik GmbH Co., Karlsruhe, Germany)).

#### Temperature-dependent FRET Measurements

On the basis of the theory developed by Somogyi *et al.* ([@B41], [@B42]), FRET can be used to probe the changes in the internal conformational transitions within proteins. The rate constant of FRET is inversely proportional to the 6th power of the relative distance between the donor and the acceptor molecules. This parameter is sensitive to the changes in the relative fluctuations and conformational transitions of the protein matrix. A straightforward way to affect intramolecular motions is to change the temperature. The temperature profile of the rate constant of FRET can reflect the relative changes in the conformational dynamics of proteins. However, in practice, it is difficult to directly measure the rate constant of FRET. To overcome this problem, a special FRET parameter proportional to the rate constant of FRET, the normalized FRET efficiency (*f*′), was introduced. where *E* is the FRET efficiency and *F*~DA~ is the fluorescence emission of the donor in the presence of the acceptor. *E* can be calculated as follows. where *F*~D~ is the fluorescence emission of the donor in the absence of the acceptor.

The temperature dependence of *f*′ can give information about the conformational state of the investigated protein ([@B41], [@B42]): the steeper the temperature dependence of *f*′, the more dynamic the protein conformation. In practice, the relative *f*′ is calculated as the ratio of the value of *f*′ at the given temperature and the value of *f*′ at the lowest temperature (6 °C). This parameter is independent from the quantum yield of the fluorophore. This parameter can reflect the relative but not the absolute changes in the conformational dynamics of actin filaments. In the analysis, the relative *f*′ obtained at the highest temperature (34 °C) was plotted as the function of HMM concentration.

In FRET measurements, IAEDANS and IAF served as donor and acceptor, respectively. The donor and the acceptor were attached to different actin protomers within the filament. This experimental strategy allows investigation of the intermonomer conformational dynamics of actin filaments. To measure *F*~D~, donor-containing samples were prepared by mixing IAEDANS-labeled and unlabeled actin monomers in a 1:9 ratio. To measure *F*~DA~, donor-acceptor-containing samples were prepared by mixing actin monomers labeled with either IAEDANS or IAF. The ratio of the IAEDANS-labeled monomers to the IAF-labeled monomers was 1:9. This relatively low donor ratio ensures that there is no acceptor in the filament that is in energy transfer with more than one donor molecule.

The fluorescence intensity of IAEDANS was recorded in the absence and presence of IAF at different temperatures between 6 and 34 °C. The excitation wavelength for IAEDANS was 350 nm. The optical slit was set to 1 and 10 nm in the excitation and emission sides, respectively. To obtain *F*~D~ and *F*~DA~, the measured fluorescence intensities were corrected for the inner filter effect and integrated over the wavelength range of 440--460 nm. The FRET experiments were carried out with 5 μ[m]{.smallcaps} actin, 500 n[m]{.smallcaps} mDia1-FH2, and HMM as indicated.

#### Steady-state Anisotropy Measurements

In steady-state anisotropy measurements, the time dependence of the anisotropy of IAEDANS-labeled actin was monitored in the absence or presence of the investigated actin-binding proteins. Measurements were carried out using 5 μ[m]{.smallcaps} actin and 500 n[m]{.smallcaps} mDia1-FH2. When applicable, HMM or TM at the indicated concentrations was added to formin-nucleated actin filaments after full polymerization.

The sample was excited with plane-polarized light at 350 nm, and the degree of polarization of the emitted fluorescence was detected at 470 nm. The kinetics of the change in the steady-state anisotropy (*r*~ss~(*t*)) was analyzed by fitting an exponential function to the experimental data using the following equation. where *r*~max~ is the final (maximum) anisotropy, Δ*r* is the difference between the initial and final anisotropy (*anisotropy increase*), *t* is the time, and *k*~obs~ is the rate constant of the anisotropy increase. For further analysis, Δ*r* or *k*~obs~ was plotted as a function of the HMM or TM concentration and fitted by a hyperbolic function using the following equation. where Max is the maximum increase of Δ*r* or *k*~obs~ obtained at a saturating amount of HMM or TM, *K*½ is the half-saturating concentration, and *c* is the concentration of HMM or TM.

#### Time-dependent Fluorescence Anisotropy Experiments

Time-dependent fluorescence measurements were carried out with an ISS K2 multifrequency phase fluorometer (ISS Fluorescence Instrumentation, Champaign, IL) using the frequency cross-correlation method. The temperature was maintained with a HAAKE F3 heating bath and circulator (HAAKE Mess-Technik GmbH Co.). The excitation light was provided by a 300-watt xenon arc lamp and modulated with a double crystal Pockels cell. The samples were excited at 350 nm, and emission was monitored through a 385FG03-25 high pass filter. Modulation frequency was changed in 10 steps (evenly distributed on a logarithmic scale) from 5 to 80 MHz in fluorescence lifetime measurements and in 15 steps from 2 to 100 MHz in anisotropy decay measurements (representative data are shown in [Fig. 2](#F2){ref-type="fig"}*A*). The phase delay and demodulation of the sinusoidally modulated fluorescence signal were measured with respect to the phase delay and demodulation of a standard reference substance. Freshly prepared glycogen solution was used as a lifetime reference. As this solution did not contain fluorophore, the scattered light had an apparent fluorescence lifetime of 0 ns. The data were analyzed by Vinci 1.6 decay analysis software. The goodness of fit was determined from the value of the reduced χ^2^ defined as in Lakowicz ([@B43]). In the analyses, we assumed constant, frequency-independent error in both phase angle (±0.200°) and modulation ratio (±0.004).

In fluorescence lifetime measurements, the best fits were obtained when we applied double exponential decay for the analyses. The anisotropy data were fitted to the following double exponential function ([@B43]). where ϕ~1~ and ϕ~2~ are rotational correlation times with amplitudes *r*~1~ and *r*~2~.

To describe the conformational dynamics of the microenvironment of IAEDANS attached to Cys^374^, the two-dimensional angular range of the cone (half-angle, ϴ) within which the fluorophore performs wobbling motion was estimated from the amplitudes of the two rotational modes resolved in anisotropy decay measurements according to the following equation ([@B44]). where *r*~1~ and *r*~2~ are the amplitudes of the faster and slower exponential decay components, respectively. In the fluorescence anisotropy decay measurements, the concentration of actin and mDia1-FH2 were 30 and 1.25 μ[m]{.smallcaps}, respectively, and the concentration of HMM was as indicated.

#### Analysis of the Cooperativity

Actin-binding proteins often exert their effects on the conformation of actin filaments cooperatively. Cooperativity in this case means that the binding of a partner molecule can change the conformation of actin protomers distant from the binding site. One way of describing this cooperative effect is to define a cooperative unit, *i.e.* the set of actin protomers that are affected by the binding of one partner molecule. In this work, we estimated the length of the cooperative unit (*N*) using the linear lattice model and the following equation ([@B28]). where *p* is either the longer rotational correlation time from anisotropy decay experiments or the value of the relative *f*′ at the highest temperature; *p*~1~ and *p*~2~ denote the limiting values of the corresponding parameters obtained in the absence of HMM and at saturating HMM concentrations, respectively; and α is the binding density of HMM to actin. Note that this equation allowed the fitting below α = 1. As in strong binding states, the binding of HMM to actin is tight, so we take the value of α as the HMM head:actin monomer concentration ratio. Because of this approximation, the *N* values obtained from these fits somewhat underestimate the lengths of the cooperative units.

RESULTS
=======

### 

#### HMM Stabilizes the Formin-nucleated Actin Filaments

Previous studies proved that the binding of formins to the barbed end increases the flexibility of actin filaments, resulting from more tenuous interactions between actin protomers in formin-nucleated actin filaments ([@B20]--[@B22]). This formin-induced conformational transition was reversed by the binding of TM to actin filaments ([@B24]). In the present work, we investigated the effects of myosin, another common binding partner of the formin-generated actin structures, on the conformation of the formin-nucleated actin filaments.

As full-length myosin precipitates at relatively low ionic strengths, *i.e.* under the experimental conditions applied here, we used myosin fragments for the investigations. First, we measured the effect of the single-headed myosin subfragment-1 (S1) in nucleotide-free solutions in which the actin binding affinity of S1 is high enough to achieve a high degree of saturation even at moderate S1 concentrations. In the absence of nucleotide, we could not detect the previously observed effect of mDia1-FH2 on the conformational dynamics of actin filaments (data not shown). This observation supports the previous findings as nucleotides play an important role in the interaction of formin with actin ([@B45], [@B46]). Therefore, the use of nucleotides was necessary to assess the effect of myosin on the structure of formin-nucleated actin filaments. For this reason, we used double-headed HMM, which has substantially higher affinity for actin than S1 due to the simultaneous binding of two heads to adjacent sites of the actin filament ([@B47]). In this way, we could achieve a high degree of saturation of the myosin binding sites on actin even in the presence of nucleotides without using very high protein concentrations.

First, we assessed the effect of HMM on the conformational dynamics of formin-nucleated actin filaments in time-dependent anisotropy decay experiments. This approach proved to be very powerful in our previous work to describe the conformational properties of actin under various conditions ([@B5], [@B48], [@B49]). The measurements were carried out with IAEDANS-actin filaments labeled at Cys^374^ ([Fig. 1](#F1){ref-type="fig"}, *left panel*). The analysis of the data ([Fig. 2](#F2){ref-type="fig"}*A*) resolved two rotational correlation times. On the basis of our previous studies, the shorter rotational correlation time can be related to the motion of the probe relative to the protein, which does not show significant changes when the conformational state of the actin filament is altered. In contrast, the longer rotational correlation time can reflect the changes in the conformation of actin filaments upon interaction with binding partners ([@B50]). Consistently, in the present study, the value of the shorter rotational correlation time showed no formin or HMM concentration dependence, and its value was between 1 and 3 ns (data not shown). In the absence of actin-binding proteins, the longer rotational correlation time characteristic for actin filaments (30 μ[m]{.smallcaps}) was ∼800--900 ns ([Fig. 2](#F2){ref-type="fig"}*B*, *dotted line*). Addition of HMM (30 μ[m]{.smallcaps}) at the highest concentration did not change this value ([Fig. 2](#F2){ref-type="fig"}*B*, *gray square*). In good agreement with our previous findings ([@B21], [@B24]), the rotational correlation time decreased to ∼225 ns in the presence of mDia1-FH2 (1.25 μ[m]{.smallcaps}) ([Fig. 2](#F2){ref-type="fig"}*B*), showing that the binding of mDia1-FH2 results in a more flexible conformational state of the actin filaments. The anisotropy decay experiments with formin-nucleated actin filaments were repeated at different HMM concentrations ([Fig. 2](#F2){ref-type="fig"}*B*). The longer rotational correlation time increased with increasing concentrations of HMM from 225 to ∼850 ns ([Fig. 2](#F2){ref-type="fig"}*B*). The increase indicates that the conformation of the formin-nucleated actin filaments is stiffer in the HMM-bound state. At higher HMM concentrations, the conformation of the actin filaments becomes similar to that observed in the absence of mDia1-FH2 and HMM.

![**Schematic representation of the interactions of actin, myosin, and tropomyosin.** *Left panel*, the structure of an actin monomer with the accurate position of Cys^374^ (represented by a *black circle*), the site to which the fluorescent labels (IAEDANS or IAF) were attached. The TM ([@B65]) and S1 ([@B66]) binding sites in actin are highlighted in *black* and *gray*, respectively. *Right panel*, the structural view of an actin filament (F-actin) with bound S1. The figure is based on Protein Data Bank codes [2ZWH](2ZWH) (for actin monomer) and [1MVW](1MVW) (for S1-decorated actin filament). The figure was made using WebLab ViewerPro 3.7 software.](zbc0371220300001){#F1}

![**HMM affects the anisotropy decay of formin-nucleated IAEDANS-actin filaments.** *A*, representative frequency-dependent phase (*empty circles*) and amplitude (*empty triangles*) data on a logarithmic plot and a corresponding fit (*dashed line*) with a double exponential function ([Equation 5](#FD5){ref-type="disp-formula"}) from anisotropy decay measurements. *B*, the longer rotational correlation time measured as a function of the HMM:actin concentration ratio. The *dotted line* indicates the rotational correlation time characteristic for actin filaments in the absence of actin-binding proteins. The rotational correlation time of actin filaments measured in the absence of mDia1-FH2 and in presence of HMM is indicated by a *gray square*. Fitting the linear lattice model ([Equation 7](#FD7){ref-type="disp-formula"}; shown as *dashed line*) gives *N* = 1.98 ± 0.2 actin protomers for the length of the cooperative unit. *C*, the HMM:actin concentration ratio dependence of the half-angle of the cone (ϴ) within which IAEDANS at Cys^374^ performs wobbling motion in formin-nucleated actin filaments (*black circles*). The half-angle calculated for actin filaments in the absence of actin-binding proteins is represented by an *empty circle*. The actin and mDia1-FH2 concentrations were 30 and 1.25 μ[m]{.smallcaps}, respectively. The *error bars* presented are standard errors from at least three independent experiments. *deg.*, degree.](zbc0371220300002){#F2}

To obtain further information regarding the HMM-induced conformational transitions and describe the microenvironment of IAEDANS at Cys^374^, the two-dimensional angular range within which the fluorophore performs wobbling motion (half-angle, ϴ) was calculated from the amplitudes of the two rotational modes using [Equation 6](#FD6){ref-type="disp-formula"} ([@B44]). The half-angle was plotted as a function of the HMM:actin concentration ratio ([Fig. 2](#F2){ref-type="fig"}*C*). In good agreement with our previous results ([@B21]), the value of ϴ increased upon addition of mDia1-FH2 to actin filaments from 18.43 to 27.59°, indicating the increased freedom of the wobbling motion of IAEDANS in the formin-nucleated actin filaments. The half-angle did not change when HMM was added to the formin-nucleated actin filaments, suggesting that the microenvironment of the fluorescent probe was not affected by HMM. Thus, presumably the HMM-induced conformational stabilization of the formin-nucleated actin filaments originates from more global structural changes that do not affect the microenvironment of Cys^374^.

As an alternative method, temperature-dependent FRET measurements were also performed to study the effects of HMM on the conformational dynamics of the formin-nucleated actin filaments ([Fig. 3](#F3){ref-type="fig"}). The temperature dependence of the normalized *f*′ ([Equation 1](#FD1){ref-type="disp-formula"}) was measured between 6 and 34 °C using donor (IAEDANS) and acceptor (IAF) probes attached to the Cys^374^ on actin ([Fig. 1](#F1){ref-type="fig"}, *left panel*). The relative *f*′ was calculated as the ratio of the value of *f*′ at the given temperature and value of *f*′ at the lowest temperature and plotted as a function of temperature ([Fig. 3](#F3){ref-type="fig"}*B*). As a result of the applied preparation technique, one actin protomer bound only one fluorophore (either a donor or an acceptor), and the FRET occurred between probes on neighboring protomers ([Fig. 3](#F3){ref-type="fig"}*A*, *left panel*). This experimental strategy allowed the characterization of interprotomer conformational dynamics of actin filaments ([@B6]). In the evaluation of these experiments, the steeper temperature dependence of the relative *f*′ indicates a more flexible protein matrix between the donor and the acceptor ([@B41], [@B42]). The relative *f*′ of actin filaments (5 μ[m]{.smallcaps}) in the absence of actin-binding proteins showed a ∼25% increase over the investigated temperature range ([Fig. 3](#F3){ref-type="fig"}*B*, *empty circles*). The presence of myosin did not significantly change this tendency ([Fig. 3](#F3){ref-type="fig"}*B*, *asterisks*). In the presence of mDia1-FH2 (500 n[m]{.smallcaps}), the temperature profile of the relative *f*′ became steeper (increased by ∼235%), indicating that the binding of mDia1-FH2 makes the actin filaments more flexible ([Fig. 3](#F3){ref-type="fig"}*B*, *empty squares*). These formin-induced changes are in agreement with our previous observations ([@B20]). To describe the effect of myosin, HMM was added to the formin-nucleated actin filaments at different concentrations. The results showed that HMM decreased the effect of mDia1-FH2 in a concentration-dependent manner. When the concentration of HMM heads was the same as the actin concentration (*i.e.* 5 μ[m]{.smallcaps}), the change in the relative *f*′ was 65%, whereas at a 2-fold higher HMM concentration relative to actin (*i.e.* 10 μ[m]{.smallcaps}), the relative *f*′ changed by 36%. [Fig. 3](#F3){ref-type="fig"}*C* summarizes the HMM concentration dependence of the FRET data assuming that the change in the relative *f*′ at the highest temperature (34 °C) is proportional to the conformational flexibility of actin filaments. In conclusion, corroborating the observations from the time-dependent anisotropy measurements, the FRET data indicate that the formin-induced increase in the flexibility of actin filaments is restored by the binding of HMM.

![**HMM decreases the conformational flexibility of formin-nucleated actin filaments.** *A*, *left panel*, schematic representation of the position of the donors (*dark gray circles*) and acceptors (*light gray circles*) within the actin filament. *Empty circles* represent unlabeled actin protomers. This arrangement allows the characterization of the interprotomer conformational dynamics of the actin filaments. *Right panel*, representative fluorescence emission spectra of the donor measured in the absence (IAEDANS; *black line*) or presence (IAEDANS-IAF; *gray line*) of the acceptor in the absence of actin-binding proteins. *B*, temperature dependence of the relative *f*′. The experiments were carried out with 5 μ[m]{.smallcaps} actin in the absence of actin-binding proteins (*empty circles*), in the presence of 500 n[m]{.smallcaps} mDia1-FH2 (*empty squares*), and in the presence of 500 n[m]{.smallcaps} mDia1-FH2 and 1 (*filled circles*), 3 (*empty triangles*), 5 (*filled squares*), or 10 μ[m]{.smallcaps} (*filled triangles*) HMM. The *arrow* at the *right* indicates the increase of the HMM concentration and the decrease of actin filament flexibility. As a control, the temperature dependence of the relative *f*′ characteristic for the actin-myosin complex is represented by *asterisks* (our previous unpublished data) showing that myosin binding does not significantly affect the temperature dependence of the relative *f*′. *C*, the relative *f*′ at 34 °C as a function of the HMM:actin concentration ratio. The *dotted line* indicates the relative *f*′ characteristic for actin filaments in the absence of actin-binding proteins. HMM concentrations are indicated as HMM head concentrations. Fitting the linear lattice model ([Equation 7](#FD7){ref-type="disp-formula"}; shown as *dashed line*) gives *N* = 1.30 ± 0.1 actin protomers for the length of the cooperative unit. The experiments were carried out with 5 μ[m]{.smallcaps} actin, 500 n[m]{.smallcaps} mDia1-FH2, and HMM as indicated.](zbc0371220300003){#F3}

#### Cooperative Stabilization by HMM

To analyze the stabilizing effect of HMM in detail, we used the linear lattice model to estimate the number of actin protomers whose conformation is affected by the binding of a single HMM head ([@B28]). [Equation 7](#FD7){ref-type="disp-formula"} was fitted to the data presented in [Figs. 2](#F2){ref-type="fig"}*B* and [3](#F3){ref-type="fig"}*C*. From anisotropy decay measurements, the length of the cooperative unit (*N*) was found to be 1.98 ± 0.2 actin protomers ([Fig. 2](#F2){ref-type="fig"}*B*), indicating that the binding of one HMM head can stabilize the conformation of two actin protomers. The cooperative unit determined from temperature-dependent FRET measurements was found to be 1.30 ± 0.1 ([Fig. 3](#F3){ref-type="fig"}*C*), which is somewhat smaller than that we obtained from the anisotropy decay experiments (1.98 ± 0.2; [Fig. 2](#F2){ref-type="fig"}*B*). This difference indicates that the two methods are sensitive to different conformational transitions and modes of motions in the actin filaments. In conclusion, these results suggest that HMM stabilizes the structure of the formin-nucleated actin filaments cooperatively by affecting different conformational modes in the actin filament.

#### Kinetic Analysis of the Stabilizing Effects of HMM and TM

Our previous studies revealed that the formin-induced conformational transition could be reversed by the binding of TM to actin filaments ([@B24]). Here, we identified HMM as another binding partner of actin that stabilizes the structure of the formin-nucleated more flexible actin filaments. To get further insight into the stabilizing effects of HMM and TM, the kinetics of the conformational change induced by these proteins was investigated by monitoring the change in the steady-state anisotropy. Steady-state anisotropy provides information about the conformational dynamics of the actin filaments: when appropriate conditions are fulfilled, the higher anisotropy value reflects the more restricted conformational dynamics of the protein matrix. We found that the steady-state anisotropy of IAEDANS-actin is also sensitive to the formin-induced conformational changes ([Fig. 4](#F4){ref-type="fig"}*A*). The steady-state anisotropy of actin filaments (5 μ[m]{.smallcaps}) was 0.25--0.26 in the absence of actin-binding proteins ([Fig. 4](#F4){ref-type="fig"}*A*, *light gray* curve). When actin was polymerized in the presence of mDia1-FH2 (500 n[m]{.smallcaps}), a slow, gradual decrease was observed in the steady-state anisotropy from the value characteristic for actin filaments to 0.14--0.17 ([Fig. 4](#F4){ref-type="fig"}*A*, *black* curve). Essentially the same result was obtained when mDia1-FH2 was added to actin after the completion of polymerization ([Fig. 4](#F4){ref-type="fig"}*A*, *dark gray* curve).

![**The effect of HMM and TM on the conformational dynamics of formin-nucleated actin filaments revealed by steady-state anisotropy.** *A*, the kinetics of the change in the steady-state anisotropy of IAEDANS-actin filaments (5 μ[m]{.smallcaps}) measured in the absence (*light gray* curve) or in the presence of 500 n[m]{.smallcaps} mDia1-FH2 (*black* curve). *Black* and *dark gray* curves show the results obtained when mDia1-FH2 was added to actin prior or after polymerization, respectively. Note that the curves are superimposable. *B*, the kinetics of the change in the steady-state anisotropy of mDia1-FH2-nucleated (500 n[m]{.smallcaps}) IAEDANS-actin filaments (5 μ[m]{.smallcaps}) measured at different HMM concentrations as indicated Representative data are shown. Note that the steady-state anisotropy started to increase right after the addition of HMM (indicated by an *asterisk*) and plateaued within ∼1--5 min. *C*, the kinetics of the change in the steady-state anisotropy of mDia1-FH2-nucleated (500 n[m]{.smallcaps}) IAEDANS-actin filaments (5 μ[m]{.smallcaps}) measured in the presence of different TM concentrations as indicated. Representative data are shown. Note that the steady-state anisotropy started to increase right after the addition of TM (indicated by an *asterisk*) and plateaued within ∼30 min.](zbc0371220300004){#F4}

To study the effect of HMM and TM, these proteins were added to the formin-nucleated actin filaments after polymerization. In the presence of HMM, the steady-state anisotropy increased following an apparently exponential transient and reached a level that was typical for actin filaments alone (0.24--0.26) within ∼1--5 min ([Fig. 4](#F4){ref-type="fig"}*B*). Addition of TM to the formin-nucleated actin filaments also resulted in an increase in the steady-state anisotropy; however, a slightly lower plateau was reached at a longer timescale (∼35 min) ([Fig. 4](#F4){ref-type="fig"}*C*).

Steady-state anisotropy can also increase upon complex formation, *i.e.* upon only the binding of HMM or TM to actin filaments without any accompanying conformational changes. Control experiments were carried out to investigate how steady-state anisotropy of actin filaments (5 μ[m]{.smallcaps}) changes upon the binding of HMM (20 μ[m]{.smallcaps}) or TM (15 μ[m]{.smallcaps}) to actin filaments. The results showed that the addition of HMM or TM to actin filaments caused only a minor increase in the steady-state anisotropy (∼0.033 and ∼0.001, respectively) (data not shown). HMM and TM bind actin and formin-nucleated actin filaments similarly ([supplemental Fig. 4](http://www.jbc.org/cgi/content/full/M112.341230/DC1) and Ref. [@B24]). From these observations, we concluded that complex formation cannot account for the anisotropy increase caused by HMM or TM in formin-nucleated actin filaments. The increase in the steady-state anisotropy of formin-nucleated actin filaments in the presence of HMM or TM reflects mostly the conformational stabilization of actin filaments by HMM and TM.

The steady-state anisotropy data were analyzed by fitting single exponential functions to the observed transients ([Equation 3](#FD3){ref-type="disp-formula"}). The amplitudes resolved in these fits gave the Δ*r* induced by the binding of either HMM or TM and were plotted as a function of protein concentration in [Fig. 5](#F5){ref-type="fig"}, *A* and *B*. A hyperbolic function was fit to the data ([Equation 4](#FD4){ref-type="disp-formula"}) to obtain the values of the maximum change (Max) and half-saturation protein concentrations (*K*½) ([Fig. 5](#F5){ref-type="fig"}, *A* and *B*). For HMM, the maximum anisotropy increase was 0.198 ± 0.01, and the half-saturation was reached at 7.07 ± 1.3 μ[m]{.smallcaps} HMM. This value is close to the applied actin concentration (5 μ[m]{.smallcaps}). For TM, we observed a maximum amplitude of 0.103 ± 0.0. This value is somewhat smaller than that found with HMM, suggesting that HMM is more effective in stabilizing the structure of the formin-nucleated actin filaments than TM. The half-maximum was determined to be 0.33 ± 0.1 μ[m]{.smallcaps} for TM. This half-saturation concentration is about 10-fold less than was observed for HMM, corresponding to the fact that one TM interacts with seven actin monomers in a filament ([@B51]).

![**The analysis of the effects of HMM and TM on the formin-induced conformational changes in actin filaments.** *A* and *B*, Δ*r* as a function of HMM (*A*) or TM (*B*) concentration. The anisotropy increase was derived from the exponential fit ([Equation 3](#FD3){ref-type="disp-formula"}) of the data presented in [Fig. 4](#F4){ref-type="fig"}, *B* and *C*. Note that a higher increase in the steady-state anisotropy from the low value of ∼0.14 (characteristic for mDia1-FH2-nucleated actin filaments) indicates a greater stabilization of the conformational dynamics of mDia1-FH2-nucleated actin filaments. The data were analyzed by hyperbolic fits ([Equation 4](#FD4){ref-type="disp-formula"}) (*dashed lines*). The maximum values (Max) were 0.198 ± 0.01 and 0.103 ± 0.00 for HMM and TM, respectively. The half-saturation concentrations (*K*½) were determined to be 7.07 ± 1.3 and 0.33 ± 0.1 μ[m]{.smallcaps} for HMM and TM, respectively. *C* and *D*, the observed rate constants (*k*~obs~) as a function of HMM (*C*) or TM (*D*) concentration. The values of *k*~obs~ were derived from the exponential fit ([Equation 3](#FD3){ref-type="disp-formula"}) of the data presented in [Fig. 4](#F4){ref-type="fig"}, *B* and *C*. The stabilizing effect of HMM on mDia1-FH2-nucleated actin filaments was rapid, and the observed rate constant increased linearly with increasing amount of HMM. The apparent on-rate constant of anisotropy change determined from the slope of the linear fit was 0.004 μ[m]{.smallcaps}^−1^ s^−1^. The stabilizing effect of TM on mDia1-FH2-nucleated actin filaments was much slower than that of HMM and followed a hyperbolic tendency with increasing TM concentration. The *error bars* presented on this figure are standard errors from at least two independent experiments.](zbc0371220300005){#F5}

We also analyzed the HMM and TM concentration dependence of the rate constants (*k*~obs~) derived from the exponential fits ([Fig. 5](#F5){ref-type="fig"}, *C* and *D*). In the case of HMM, the *k*~obs~ values followed a quasilinear tendency with increasing amount of HMM ([Fig. 5](#F5){ref-type="fig"}*C*). This kinetic behavior indicates that HMM binding to the formin-nucleated actin filaments occurs as an apparent single step reaction. Interestingly, the slope of the fit reflecting an apparent association rate constant of 0.004 μ[m]{.smallcaps}^−1^ s^−1^ was much lower than that determined from stopped-flow measurements based on pyrene-actin fluorescence intensity changes upon HMM binding to actin filaments. The latter value was 22.6 μ[m]{.smallcaps}^−1^ s^−1^, which is independent from the presence of mDia1-FH2 ([supplemental Fig. 4](http://www.jbc.org/cgi/content/full/M112.341230/DC1)). This value is close to the value obtained for skeletal muscle S1 (10 μ[m]{.smallcaps}^−1^ s^−1^ ([@B52]--[@B54])). However, it should be emphasized that the large difference from the present result may at least in part originate from the fact that different types of signal can indicate different structural changes during the actin binding process. For TM, the *k*~obs~ *versus* TM concentration curve showed a saturating tendency ([Fig. 5](#F5){ref-type="fig"}*D*). This kinetic behavior is indicative of a two-step reaction in which the added TM binds to the actin filament, and then a first-order conformational transition occurs in the complex. Interestingly, the maximal observed rate constant, reflecting the first-order transition, was much lower than the rate constants observed in the case of HMM ([Fig. 5](#F5){ref-type="fig"}*C*). These findings imply that, despite the apparently similar reversal of formin-induced conformational changes by HMM and TM, the kinetic mechanism of this process is markedly different in the case of these two actin-binding proteins.

We performed control experiments ([supplemental Experimental Procedures](http://www.jbc.org/cgi/content/full/M112.341230/DC1)) to study whether the different experimental conditions (temperature, fluorescent labels, and the presence of the investigated proteins) affect the actin monomer:filament ratio, the length distribution of actin filament, and the activity of mDia1-FH2. The experiments and the results are summarized and discussed in the [supplemental material](http://www.jbc.org/cgi/content/full/M112.341230/DC1). From the results of these control experiments, we concluded that none of the experimental conditions significantly change the actin monomer:filament ratio ([supplemental Fig. 1](http://www.jbc.org/cgi/content/full/M112.341230/DC1)), the length distribution of actin filament ([supplemental Fig. 2 and Table 1](http://www.jbc.org/cgi/content/full/M112.341230/DC1)), and the activity of mDia1-FH2 ([supplemental Fig. 3](http://www.jbc.org/cgi/content/full/M112.341230/DC1)).

DISCUSSION
==========

Our previous spectroscopic studies revealed that the binding of formin to the barbed end of actin filaments changes the conformation of several actin protomers, making the filaments more flexible ([@B20]--[@B22]). The biological significance of the formin-induced conformational transitions in actin filaments is still unclear. Most of the functions attributed to actin networks require a certain and probably optimized mechanical stability and rigidity of the filaments ([@B55]--[@B57]). It is therefore reasonable to expect that actin-binding proteins could reverse the formin-induced structural changes by binding to filaments. Obvious candidates for this stabilizing function could be those proteins that often co-localize with formin-generated actin structures in cells. One of these proteins, TM, was recently shown to stabilize the conformation of formin-nucleated actin filaments ([@B24]). We assumed that another candidate for the stabilization function could be myosin, an abundant binding partner of formin-generated actin networks ([@B25], [@B58], [@B59]). The data presented in this work show that HMM restores the formin-induced conformational changes in the actin filaments and stabilizes the structure of the filaments, resulting in actin filament conformation similar to that observed in the absence of formin and myosin.

The detailed analysis of time-dependent anisotropy data suggests that the microenvironment of the fluorophore was not affected by HMM ([Fig. 2](#F2){ref-type="fig"}*C*), indicating that the HMM-induced conformational stabilization of the formin-nucleated actin filaments originates from more global structural changes. The length of the cooperative unit was estimated to be 1.98 ± 0.2 actin protomers ([Fig. 2](#F2){ref-type="fig"}*B*) from anisotropy decay experiments, suggesting that the binding of one HMM head stabilizes the structure of two actin protomers. Similar long range allosteric interactions, often called cooperativity in actin filaments, were reported for actin filaments in many cases previously ([@B8], [@B9], [@B27], [@B60]--[@B62]). Recent transient phosphorescence anisotropy experiments revealed that in the strong binding state skeletal muscle S1 restricted the conformational dynamics of actin filaments in a cooperative manner ([@B31]). The experimental conditions in this cited work differed from our measurements in a few important aspects: the experiments were carried out with phalloidin-stabilized actin filaments, the myosin fragments were single-headed, and formin was not involved in the measurements. Most importantly, because of the difference in the lifetime of the fluorophores and thus the time window of observation, phosphorescence experiments allow the accurate measurements of rotational correlation times of a few hundreds of microseconds, which are unresolvable by our fluorescence approach. The microsecond rotational correlation times can characterize different conformational modes within actin filaments related to the twisting and bending of actin filaments ([@B10], [@B63]). Interestingly, despite these substantial differences in experimental approaches, the conclusions regarding the cooperativity of the conformational changes induced by the skeletal muscle myosin fragments were similar in the two studies. Analysis of the S1 concentration dependence of the rotational correlation times obtained from phosphorescence anisotropy measurements gave 1.9 ± 0.5 actin protomers for the length of the cooperative unit ([@B31]), which is the same as we found here for HMM (1.98 ± 0.2) based on fluorescence anisotropy experiments. This observation suggests that myosin can similarly stabilize these different conformational modes of actin filaments.

In temperature-dependent FRET measurements, the saturating effect of HMM was close to a 1:1 HMM:actin concentration ratio ([Fig. 3](#F3){ref-type="fig"}), and the length of the cooperative unit was found to be shorter (1.30 ± 0.1) than in the anisotropy decay experiments. This difference may be explained considering that the two methods are sensitive to different aspects of actin filament conformation and flexibility. The longer rotational correlation time provides information on a time scale of a few hundreds of nanoseconds, and it is sensitive to the changes in the restricted segmental motion of one or more protomers in the actin filaments. The relative *f*′ reflects changes in all kinds of intramolecular motions within actin filaments from smaller local fluctuations to large scale filament motions, which alter the relative position of the donor and acceptor ([@B50]). Thus, the difference between the length of the cooperative unit (1.98 ± 0.2 *versus* 1.30 ± 0.1 protomers) obtained by the two methods indicates that the conformational transitions in actin are complex, and the binding of HMM can affect the various modes of the intramolecular actin motions differently. Similar uncoupling of the molecular events defining the values of various spectroscopic parameters was found previously in actin filaments ([@B31]).

Both the anisotropy decay and FRET data presented here showed that HMM can reverse the formin-induced conformational changes in actin. Considering the observation that TM also stabilizes the structure of the actin filaments, one can assume that actin-binding proteins play a central role in the molecular mechanisms regulating the conformational dynamics of actin filaments. We speculate that the greater flexibility of the filaments observed in the presence of formins may result from the rapid and unique manner of formin-catalyzed polymerization. For certain functions of actin filaments, like force-generating actin filaments in stress fibers or the contractile ring, the conformational state with a more rigid structure is likely preferable. Thus, molecular mechanisms exist that reverse the formin-induced flexibility changes. These mechanisms are based on the binding of actin-associated proteins to actin filaments. In cellular structures, formins provide the rapid assembly of actin filaments, and then the subsequent binding of regulatory proteins establishes the appropriate conformational features for a given cellular task. With the results presented here, there are now two abundant binding partners of actin identified, TM and HMM, that can play such regulatory roles. Their common property is that the binding of both of these proteins cooperatively affects the structure of the actin filaments along a stretch of several protomers. In our *in vitro* measurements with purified proteins, the HMM- and TM-induced conformational stabilization of actin filaments occurs on the minute time scale. Considering the kinetics of the *in vivo* processes, we expect that there are cellular factors that can accelerate the rate of the stabilizing mechanism ([@B64]).

Further investigations are needed to identify other actin-binding proteins that play a regulatory role in the fine tuning of actin conformation. These proteins should be studied in complex systems to reveal how the different effects of actin-binding proteins on the conformational properties of actin are superimposed (synergistically or antagonistically) to establish the overall conformational dynamics and biological function of cellular actin structures.

This study was supported in part by Hungarian Science Foundation Országos Tudományos Kutatási Alapprogramok (Hungarian Science Foundation) Grant K77840 (to M. N.), PD83648 (to B. B.), and K71915, NNF2-85613, and NK81950 (to M. K.); "Momentum" Program of the Hungarian Academy of Sciences Grant LP2011-006/2011 (to M. K.); and Grant TAMOP-4.2.1/B-09/1/KMR-2010-0003 (to M. K.), TAMOP-4.2.1/B-10/2/KONV-2010-0002 (to M. N.) and TAMOP-4.2.2/B-10/1-2010-0029 (to M. N.) from the European Union, cofinanced by the European Social Fund. This work was also supported by "Science, Please! Research Team on Innovation" Grant SROP-4.2.2/08/1/2008-0011 and by the Hungarian Academy of Sciences.

This article contains [supplemental Experimental Procedures, Figs. 1--4, and Table 1](http://www.jbc.org/cgi/content/full/M112.341230/DC1).

The abbreviations used are: FH2formin homology 2mDia1mammalian Diaphanous-related protein 1 from mouseTMtropomyosinHMMheavy meromyosinIAEDANS*N*-(-iodoacetaminoethyl)-1-naphtylamine-5-sulfonic acidIAF5-(iodoacetamido)fluoresceinS1myosin subfragment-1*f*′normalized FRET efficiencyΔ*r*anisotropy increase.

[^1]: Bolyai Fellow of the Hungarian Academy of Sciences.

[^2]: Holds a Wellcome Trust International Senior Research Fellowship in Biomedical Sciences.
